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A  calibration  method  for  group  V  fluxes  is  demonstrated  for  the  growth  of  InAs^Sbi  alloys  and  strain- 
balanced  InAs/lnASxSbi  superlattices  on  GaSb  substrates  by  molecular  beam  epitaxy  for  IR 
optoelectronic  device  applications.  The  structural  and  optical  properties  of  these  structures  grown 
with  varying  V/Ill  flux  ratios  are  investigated  using  several  characterization  methods,  including  X-ray 
diffraction  (XRD),  photoluminescence  (PL),  and  reflection  high  energy  electron  diffraction.  Samples 
grown  at  450  C  with  Sb/ln  flux  ratios  from  1.0  to  2.0  and  As/In  flux  ratios  from  1.2  to  2.5  lead  to  Sb 
mole  fractions  ranging  from  0.078  to  0.34.  High  structural  and  optical  quality  superlattices  for  Sb  mole 
fractions  up  to  0.34  are  verified  by  XRD  and  low-temperature  PL  measurements.  When  varying  both  Sb 
mole  fraction  and  period,  superlattice  structures  are  demonstrated  with  low-temperature  emission 
wavelengths  ranging  from  3.6  to  7.1  pm. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

High  performance  infrared  (IR)  photodetectors  are  desirable 
for  numerous  commercial  and  defense  applications.  With  a  broad 
wavelength  coverage  (1-25  pm  or  even  longer)  and  large  absorp¬ 
tion  coefficient,  HgCdTe  has  been  the  material  of  choice  for  mid¬ 
wavelength  (MWIR,  3-5  pm)  and  long-wavelength  (LWIR,  8- 
12  pm)  IR  photodetectors  [1-3],  However,  HgCdTe  materials  have 
several  drawbacks  such  as  mercury  toxicity,  lack  of  low-cost  lattice- 
matched  substrates,  non-uniformity  over  large  areas  and  challenging 
and  high-cost  epitaxial  growth  and  device  processing.  Type-11  super¬ 
lattices  (SLs)  have  been  identified  as  one  of  the  most  promising  types 
of  alternative  materials  [4,5],  and  have  been  extensively  studied  for 
IR  detector  applications  [6,7].  MWIR  and  LWIR  focal  plane  arrays 
with  excellent  performance  using  InAs/(In)GaSb  SLs  have  been 
demonstrated  [8-13].  However,  the  minority  carrier  lifetime  of  the 
InAs/(ln)GaSb  SLs  is  limited  by  Shockley-Read-Hall  (SRH)  recombi¬ 
nation  and  is  significantly  lower  than  that  of  HgCdTe  [14,15],  Several 
other  possible  alternatives,  namely  Ga-free  T2SLs,  such  as 
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InAso.4Sbo.6/InAS]  _;jSb;j  (with  x>0.6)  SLs  [16],  and  InAs/InAsi  _j;Sbx 
SLs  [17-20],  were  proposed  many  years  ago  for  both  LWIR  and 
MWIR  device  applications.  Recently,  InAs/InAsi  _xSbx  SLs  have 
attracted  much  attention  for  high-performance  LWIR  photodetectors 
applications  due  to  their  much  simpler  interface  configurations, 
lower  SRH  recombination  rates  and  longer  carrier  lifetimes 
[21-23].  One  of  the  key  challenges  for  the  epitaxial  growth  of 
group-V  alloys  is  the  precise  control  of  the  alloy  composition,  which 
is  a  function  of  not  only  the  growth  temperature  but  also  the  ratios 
between  group-III  and  group-V  fluxes.  To  address  the  challenge, 
modulated  molecular  beam  epitaxy  method  was  introduced  [24,25], 
This  paper  reports  a  precise  calibration  method  of  group-V  fluxes, 
which  is  reproducible  and  transferrable  to  any  other  MBE  system, 
and  a  study  of  the  structural  and  optical  properties  of  infrared  strain- 
balanced  InAs/InAS]  _xSbx  type-11  superlattices  grown  on  GaSb  sub¬ 
strates  using  this  method  with  various  V/III  flux  ratios  by  molecular 
beam  epitaxy. 


2.  Experimental  details 

The  epitaxial  growth  of  the  InAs/InAsi_j;Sbx  SL  samples  are 
carried  out  in  the  Ill-V  chamber  of  a  VG  V80H  dual-chamber  MBE 
system  with  In,  Ga  and  Al  group-III  effusion  cells  and  As  and  Sb 


146 


H.  Li  et  al.  /  Journal  of  Crystal  Growth  378  (2013)  145-149 


group-V  valved  cracker  cells.  The  crackers  are  operated  at  990  °C 
producing  group-V  dimers  or  monomers  [26].  Each  effusion  cell  is 
equipped  with  a  pneumatic  shutter.  The  substrate  temperature  is 
monitored  using  an  IRCON  ModlineT  infrared  pyrometer.  The 
growth  parameters  including  shutter  operation,  effusion  cell  and 
substrate  temperature  ramps,  and  valve  positioning  are  con¬ 
trolled  by  EMERALT  software. 

The  growth  rates  for  the  group-111  sources  are  calibrated  before 
SL  growth  is  initiated.  The  group-111  beam-flux  for  each  cell  is 
measured  using  an  ion  gauge  in  terms  of  ion  current  as  a  function 
of  cell  thermocouple  temperature.  These  curves  are  then  con¬ 
verted  to  growth  rates  versus  temperature  based  on  a  calibration 
point  near  the  typical  growth  rate  for  a  given  binary  material  at 
its  native  lattice  constant.  The  calibration  curves  are  parameter¬ 
ized  using  an  exponential  fitting  function  that  serves  as  a  lookup 
function  in  the  control  software  to  set  the  effusion  cell  tempera¬ 
tures  for  the  desired  growth  rates  for  each  growth  run.  Each 
calibration  function  has  a  corresponding  pre-factor  that  is 
adjusted  to  reflect  the  changes  in  the  growth  rate  for  different 
substrate  lattice  constants  and  the  cell  depletion  using  subse¬ 
quent  single  temperature  calibrations. 

The  AlAs  and  GaAs  growth  rates  on  GaAs  are  determined  by 
growing  GaAs/AlAs  SL  calibration  samples  and  measuring  the 
individual  layer  thicknesses  using  X-ray  diffraction.  The  InAs 
growth  rate  on  GaAs  is  determined  by  growing  InGaAs/GaAs 
quantum  wells  and  measuring  the  emission  wavelength  using 
photoluminescence  (PL)  spectroscopy.  The  growth  rate  for  the 


Repeat 
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Fig.  1.  Schematic  diagram  of  the  InAs/InAsi_xSbx  superlattice  sample  layer 
structure. 


GaSb  and  AlSb  on  GaSb  is  obtained  based  on  GaAs  and  AlAs 
growth  rates  on  GaAs  and  consideration  of  difference  in  the  lattice 
constants.  The  growth  rates  of  InAs  and  InAsi  _xSbx  on  GaSb  are 
obtained  by  multiplying  the  InAs  and  lnAS]_xSbx  constituent 
growth  rates  by  the  adjustment  factors  mentioned  above,  which 
take  the  strain  effect  into  consideration. 

The  group-V  fluxes  are  first  measured  in  terms  of  ion  current 
as  a  function  of  valve  position  with  the  group-V  bulk  zone  set  at  a 
thermocouple  temperature  that  provides  the  desired  range  of 
group-V  fluxes  over  the  operating  range  of  the  valve.  The  V/lII  flux 
ratios  are  then  calibrated  against  the  group-111  fluxes  by  deter¬ 
mining  the  minimum  amount  of  group-V  flux  required  to  main¬ 
tain  a  smooth  group-V  terminated  growth  surface  for  a  given 
group-111  growth  rate  at  a  given  growth  temperature.  This 
calibration  point  is  defined  as  the  one-to-one  V  to  III  flux  ratio 
(V/III=1)  and  the  valve  calibration  curve  is  scaled  proportionally 
to  ion  current  to  provide  an  effective  group-V  flux  curve  as  a 
function  of  valve  position.  This  procedure  provides  a  calibration 
method  that  is  reproducible  and  transferrable  to  any  other  MBE 
system.  The  V/III  flux  ratios  are  regularly  calibrated  during  the 
growth  campaigns  and  the  temperatures  of  the  group-V  bulk 
zones  are  adjusted  to  compensate  for  the  depletion  of  the  bulk 
group-V  materials.  For  example,  this  procedure  results  in  a  0.1- 
0.2  °C  per  daily  increase  in  the  As  bulk  temperature  when  the 
system  is  growing  arsenide  materials.  This  calibration  method  has 
the  advantage  that  the  group-V  flux  curves  can  be  expressed  in 
the  same  units  as  those  of  the  group-111  growth  rate  curves,  such 
as  monolayers  per  second,  as  functions  of  valve  position  and  bulk 
source  temperature.  Furthermore,  in  this  approach,  the  group-V 
calibration  curves  rely  on  a  precise  growth  condition  rather  than 
an  arbitrary  ion  gauge  current  or  pressure  reading,  which  changes 
with  time  due  to  the  coating  of  the  ion  gauge  and  varies  from 
gauge  to  gauge  and  system  to  system,  thus  providing  reproduci¬ 
ble  control  of  the  group-V  flux  over  time. 

A  schematic  of  the  sample  structure,  consisting  of  an  InAs/ 
InAsi  _xSbx  SL  sandwiched  between  two  10-nm  AlSb  barrier  layers 
and  a  10-nm  GaSb  cap  layer  is  shown  in  Fig.  1.  The  samples  are 
grown  on  2"  epi-ready  n-type  GaSb  (001)  substrates.  The  surface 
oxide  layer  is  thermally  removed  by  slowly  heating  up  the  GaSb 
substrate  under  antimony  flux  until  a  clear,  streaky  (1x3) 
reflection-high-energy  electron  diffraction  pattern  is  observed, 
which  typically  occurs  at  a  temperature  of  —  530  °C.  The  substrate 
is  kept  at  this  temperature  for  20  min  before  it  is  cooled  down  to 
510  °C  to  grow  a  400-nm  GaSb  buffer  layer.  During  the  SL  growth, 
no  growth  interruption  is  introduced  and  a  constant  InAs  growth 
rate  of  9.15  nm/min  on  GaSb,  derived  from  the  InAs  growth  rate 
on  InAs  and  one  of  the  fixed  As/In  flux  ratios  listed  in  Table  1  is 
maintained  while  the  Sb  shutter  is  opened  only  for  the  InAsi  _xSbx 
layers.  The  growth  temperature,  growth  rate,  and  Sb/ln  flux  ratio 
for  GaSb  buffer  and  capping  layers  are  510  °C,  9.1  nm/min  and  2.0, 
respectively.  The  growth  temperature  is  gradually  ramped  down 
to  the  SL  growth  temperature  of  450  °C  during  the  growth  of  the 
last  10-nm  of  the  GaSb  buffer  layer,  the  first  AlSb  barrier  layer  and 
the  first  InAs  layer,  and  ramped  back  to  510  °C  during  the  growth 


Table  1 

Structure,  growth  condition,  and  X-ray  diffraction  (XRD)  full  width  half  maximum  (FWHM)  for  various  lnAs/lnAsi_xSbx  type-II  superlattice  samples,  where  dj  and  d2  are 
lnAsi_xSbx  and  InAs  layer  thicknesses,  respectively,  and  x  is  the  Sb  mole  fraction. 


Sample 

di  (nm) 

d2  (nm) 

Period  number 

Sb/lll 

As/lll 

Sb/As 

X 

XRD  FWHM  (arcsec) 

A(B1760) 

7.3 

17 

12 

1.0 

2.5 

0.41 

0.078 

147 

B (B1759) 

7.3 

17 

12 

2.0 

2.5 

0.81 

0.145 

184 

C (B1761) 

2.5 

8.1 

48 

1.0 

1.6 

0.63 

0.142 

96.8 

D (B1762) 

2.5 

8.1 

91 

1.0 

1.2 

0.83 

0.255 

38.2 

E (B1766) 

2.5 

8.1 

91 

2.0 

1.2 

1.7 

0.337 

25.2 

F(B1768) 

2.5 

8.1 

91 

2.4 

1.2 

2.0 

0.334 

28.8 
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of  the  last  InAs  layer  and  the  second  AlSb  barrier  layer  prior  to  the 
growth  of  the  final  GaSb  capping  layer.  Different  designs  and  V/llI 
flux  ratios  used  for  the  growth  of  the  InAs/lnAsi  _xSbx  SL  samples 
are  summarized  in  Table  1. 

High-resolution  X-ray  diffraction  (XRD)  measurements  of  the 
samples  were  performed  using  Cu  Ki  radiation  on  a  PANalytical 
X’Pert  Pro  Materials  Research  Diffractometer.  The  symmetric 
(004)  and  asymmetric  (113)  diffraction  peaks  were  measured, 
from  which  the  thicknesses  of  the  SL  constituent  layers,  the  Sb 
composition  in  the  lnAS]_xSbx  layers  and  full-width  at  half¬ 
maximum  (FWHM)  were  determined.  The  results  are  listed  in 
Table  1.  Samples  suitable  for  TEM  examination  in  [110]-type 
projections  were  prepared  by  standard  mechanical  polishing, 
followed  by  argon-ion-mllling  at  low  energy  (2-2.5  keV)  with 
the  sample  held  at  liquid-nitrogen  temperature  to  minimize  any 
ion-beam  damage.  Electron  micrographs  were  mostly  recorded 
with  a  jEM-4000EX  high-resolution  electron  microscope  operated 
at  400  keV. 

Low-temperature  photoluminescence  (PL)  spectroscopy  mea¬ 
surements  were  performed  using  a  double-modulation  method 
with  a  lock-in  amplifier  and  a  Fourier  transform  infrared  spectro¬ 
meter  setup  equipped  with  a  liquid-nitrogen-cooled  HgCdTe 
detector  with  a  cut-off  wavelength  at  15  pm.  A  Janis  ST-100 
cryostat  with  a  ZnSe  window  and  a  closed-cycled  helium  com¬ 
pressor  were  used  to  achieve  12  K  during  the  measurements.  The 
samples  were  optically  pumped  with  a  780-nm  semiconductor 
laser  at  an  excitation  density  of  —10  W/cm^. 


3.  Results  and  discussion 

Fig.  2  shows  an  example  of  the  hlgh-resolutlon  (004)  and  (113) 
XRD  patterns  and  simulations  of  sample  E.  Clear  satellite  peaks 
are  observed  and  the  FWHM  of  the  zeroth-order  SL  peak  is  on  the 
same  order  as  that  of  the  substrate,  20  arcsec,  which  is  limited  by 
the  resolution  of  the  XRD  system.  XRD  FWHMs  of  all  the  samples, 
summarized  in  Table  1,  indicate  that  when  the  Sb  composition  in 
the  lrLAS]_xSbx  layer  is  closer  to  35%,  the  SLs  are  better  strain- 
balanced  and  higher  quality  material  Is  achieved.  The  lattice 
mismatch  between  the  epilayer  and  the  GaSb  substrate  is  found 
to  be  -1.09  X  10“^,  indicating  a  small  strain  in  this  1-pm-thick 
lnAs/lnAsi_xSbx  SL.  The  separation  between  the  substrate  peak 
and  the  zeroth-order  SL  peak  of  the  symmetric  (004)  diffraction 
gives  the  average  lattice  constant  perpendicular  to  the  (001) 
planes.  Likewise,  the  average  lattice  constant  perpendicular  to 
the  (113)  planes  is  calculated  from  the  asymmetric  (113)  diffrac¬ 
tion  peaks.  With  the  assumption  of  tetragonal  distortion  in  the 
epilayer,  the  average  lattice  spacing  for  the  (110)  planes  Is 
obtained,  as  well  as  the  overall  average  Sb  composition  and 
average  relaxation  percentage  of  the  lnAs/lnAsi_xSbx  SL.  The  Sb 
composition  x  of  the  InAS]_xSbx  layers  Is  further  derived  taking 
into  account  the  average  growth  duration  of  the  InAsi  _xSbx  and 
InAs  layers,  or  the  monolayer  ratio  of  InAsj  _xSbx  and  InAs  in  the 
SLs.  The  analysis  of  the  structural  properties  of  a  typical  sample 
such  as  sample  E  shows  that  the  Sb  composition  Is  0.34  and  that 
the  SL  film  Is  coherently  strained.  The  excellent  structural  quality 
of  sample  E  is  also  confirmed  by  the  cross-sectional  electron 
micrograph  shown  in  Fig.  3.  Abrupt  and  smooth  SL  interfaces  are 
clearly  visible,  with  no  growth  defects  observed  in  the 
micrograph. 

The  measured  Sb  compositions  in  the  InAs^  _xSbx  layers  versus 
Sb/ln  and  As/ln  flux  ratios  are  summarized  in  Fig.  4(a)  and  (b), 
respectively.  For  the  lnAs/lnAsi_xSbx  type-11  SLs,  higher  Sb  mole 
fractions  and  thicker  periods  lead  to  smaller  SL  band  gaps,  which 
is  desirable  for  reaching  longer  detector  cut-off  wavelengths. 
As  clearly  shown  In  the  figures,  the  incorporation  of  Sb  increases 
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Fig.  2.  High-resolution  X-ray  diffraction  patterns  (red  curves)  and  simulations 
(blue  curves)  for  sample  E:  (a)  (004)  scan  and  (b)  (113)  scan.  (For  interpretation  of 
the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  this  article.) 


Fig.  3.  Cross-sectional  transmission  electron  micrograph  of  sample  E  showing 
excellent  structural  quality. 

with  either  higher  Sb/ln  or  lower  As/ln  flux  ratios,  and  the 
increase  of  the  Sb  mole  fraction  saturates  when  Sb/ln  flux  ratio 
becomes  greater  than  2.  The  saturation  of  Sb  incorporation  is 
expected  at  a  growth  temperature  of  450  °C,  since  the  sticking 
coefficient  of  Sb  is  much  lower  than  that  of  As  [27].  The  same 
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Fig.  4.  Sb  mole  fractions  of  the  InAsi_xSbx  layers  versus  Sb/In  flux  ratios  with 
As/ln  fixed  at  1.2  as  shown  in  (a)  and  As/ln  flux  ratios  with  Sb/ln  fixed  at  1.0  as 
shown  in  (b). 


conclusion  is  obtained  from  the  comparison  of  samples  B  and  D. 
Even  though  these  samples  have  similar  Sb/As  flux  ratios  of  0.81 
and  0.83,  the  much  higher  Sb  mole  fraction  (1.8  times)  is  achieved 
by  reducing  the  total  group-V  overpressure  by  a  factor  of  0.5. 
However,  the  minimum  As  overpressure  is  limited  by  growth  of 
the  InAs  layers  because  low  As/In  flux  ratios  lead  to  insufficient 
supply  of  As  during  the  inAs  layer  growth.  Furthermore,  high  Sb/ 
In  flux  ratios  can  lead  to  unwanted  Sb  accumulating  on  the 
surface  during  the  lnAsi_xSbx  growth  and  getting  incorporated 
during  the  following  InAs  growth  [28],  As  a  compromise,  flux 
ratios  of  Sb/ln=1.0-2.0  and  As/ln=1.2-2.5  provide  a  flux  range 
that  achieves  good  quality  material  and  access  to  a  wide  range  of 
wavelengths. 

The  low-temperature  (12  K)  PL  spectra  for  all  of  these  SL 
samples  are  shown  in  Fig.  5.  These  InAs/  InAS]_xSbx  SLs  can  cover 
the  range  of  wavelengths  from  3.6  pm  to  7.1  pm  by  using 
different  V/lll  flux  ratios.  Higher  Sb/lli  or  lower  As/Ill  flux  ratios 
lead  to  higher  Sb  compositions  and  larger  type-il  valance  band 
offsets  between  InAs  and  lnAsi_xSbx,  which  then  gives  smaller 
effective  bandgap  of  the  SL. 


4.  Conclusions 

in  conclusion,  a  reproducible  and  transferrable  method  is 
proposed  and  demonstrated  for  the  calibration  of  group-V  fluxes 
during  molecular  beam  epitaxy.  The  structural  and  optical  prop¬ 
erties  of  strain-balanced  lnAs/lnAS]_xSbx  type-ll  superlattices 
grown  on  GaSb  substrates  using  this  method  with  various  V/lil 
flux  ratios  are  studied.  The  mole  fraction  of  Sb  incorporated  into 
the  lnAsi_xSbx  layers  during  growth  increases  when  either  the 
As/ln  flux  ratio  is  decreased  or  the  Sb/ln  flux  ratio  is  increased  up 
to  a  point  when  additional  Sb  no  longer  incorporates  at  a  growth 
temperature  of  450  °C.  The  realization  of  superlattices  with  high 
structural  quality  and  precise  strain  balance  is  confirmed  by  XRD 
measurements  and  TEM  structural  studies.  High  quality  type-ll 
lnAs/lnAsi_xSbx  SL  structures  with  transition  energies  covering 
the  wavelength  range  from  3.6  to  7.1  pm  are  achieved  using 
growth  temperatures  around  450  °C  and  V/lli  flux  ratios  over  the 
range  of  Sb/In=l. 0-2.0  and  As/ln=1.2-2.5. 
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Fig.  5.  Low-temperature  (12  K)  photoluminescence  spectra  for  all  InAs/InAsi_xSbx 
SL  samples. 
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